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Abstract 

(3YSZ)i_.,— (MgO).v  form  composites  above  x  =  0.15,  which  consist  of  stabilized-zirconia  and  magnesia.  Electrical  conductivities  of  the 
two-phase  composites  were  measured  by  the  four-probe  DC  technique.  Negative  influences  of  impurities  such  as  Si02  on  the  conductivity 
are  discussed  with  the  aid  of  microstructural  investigations  using  SEM  and  TEM.  In  the  investigated  composites,  the  impurities  do  not 
directly  affect  the  electrical  conduction  as  current  blockers  at  grain  boundaries  as  usually  observed  in  pure  YSZ  electrolytes.  Microstructural 
investigation  using  HRTEM  revealed  that  grain  boundaries  of  the  stabilized  zirconia  are  very  clean  because  the  silicon  and  aluminum  oxide 
impurities  react  with  MgO  to  form  discrete  Mg2SiC>4  and  MgAl204  grains  in  the  electrolytes,  respectively.  A  theoretical  approach  taking 
into  consideration  continuous  volumes  of  existing  phases  reveals  that  the  conductivity  of  the  two-phase  composites  depends  on  the  phase 
continuity.  The  reduction  of  the  continuity  of  the  zirconia  phase  is  the  main  reason  for  the  decrease  of  conductivity  in  the  present  system. 

©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Eight  mole  percent  yttria-stabilized  zirconia  (8  YSZ)  has  a 
smaller  thermal  expansion  coefficient  (TEC)  compared  to  the 
other  component  materials  for  solid  oxide  fuel  cells  (SOFCs). 
The  mismatch  causes  residual  stresses  resulting  in  bent  or 
even  cracked  cells  during  stack  assembling  especially  in  the 
anode-supported  SOFC  [1,2].  With  a  view  of  more  reliable 
fabrication  of  SOFCs,  composite  electrolyte  materials  com¬ 
posed  of  zirconia  and  magnesia  were  prepared  by  sintering 
of  powder  mixtures  at  1400  °C  [3]. 

Grain  reported  that  the  MgO  concentration  in  Zr02  for  full 
stabilization  and  maximum  solubility  is  12. 1  and  14. 1  mol%, 
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respectively,  at  1470  °C  [4].  Rohland  and  Moebius  reported 
the  conductivity  of  magnesia  fully  stabilized-zirconia  (MSZ) 
[5].  MSZ  has  maximum  conductivity  of  about  0.06  and 
0.02  S  cm-1  at  900  and  800  °C,  respectively.  If  the  admixed 
MgO  amount  exceeds  the  solubility  limit,  MgO  can  exist  as 
a  second  phase  in  the  zirconia  matrix  after  sintering.  Because 
MgO  has  a  larger  TEC  than  that  of  zirconia,  the  resulting 
composite  electrolytes  show  increased  TEC  values  close  to 
the  other  SOFC  materials  [3]. 

In  this  investigation,  commercial  3  mol%  yttria-stabilized 
zirconia  (3YSZ)  was  selected  as  a  starting  material  for  mak¬ 
ing  the  composites.  3YSZ  was  used  not  only  because  it  is 
easily  available  but  also  because  Y3+  cations  lower  the  acti¬ 
vation  energy  of  ionic  conduction  of  Mg-dissolved  zirconias 
[5,6].  Hellmann  and  Stubican  [7]  investigated  phase  relations 
in  the  ternary  solid  solution  of  MgO- Y2 O3-Z1O2 .  Accord¬ 
ing  to  their  phase  diagram  at  1420  °C,  the  solubility  limit  of 
MgO  in  the  yttrium-dissolved  zirconia  is  less  than  20mol%. 
Recently,  Fonseca  and  Muccillo  [8]  crystallographically  and 
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electrochemically  investigated  8YSZ-magnesia  composites. 
The  mixtures  of  8YSZ  and  MgO  were  sintered  at  1350  °C  for 
0.1  h  and  the  MgO  solubility  limit  of  10mol%  was  reported. 
In  contrast  to  [8],  the  (3YSZ) i _A-(MgO)A  electrolytes  were 
prepared  over  the  wide  range  of  MgO  content  x  and  the  com¬ 
posite  electrolytes  composed  of  fully  stabilized  zirconia  and 
magnesia  were  formed. 

In  this  paper,  two  MgO  powders  with  high  and  low 
amounts  of  silica  were  used  to  make  the  composites.  The 
electrical  conductivities  of  the  composites  were  measured  to 
clarify  the  influence  of  impurities  on  the  electrical  conduc¬ 
tion  of  the  two-phase  composite  materials.  Silica  is  the  most 
common  impurity  in  ceramic  powders  and  enhances  the  den- 
sification  of  solid  electrolytes  through  liquid  phase  sintering 
[9,10].  Therefore,  glassy  phases  can  often  be  observed  at  the 
grain  boundaries  of  zirconia  [11].  The  glassy  phases  are  well 
known  for  their  detrimental  effect  on  the  electrical  property 
of  the  electrolytes  due  to  the  poor  ionic  conductivity  [12]  and 
result  in  a  significant  increase  in  grain  boundary  resistance 
[11-14],  Moreover,  it  has  been  reported  that  Mg-containing 
silicate  phases  also  crystallized  at  grain  boundaries  [14-16]. 
Leach  investigated  the  behavior  of  the  crystalline  phases 
in  the  magnesia  partially  stabilized  zirconia  system  using 
transmission  electron  microscopy  (TEM)  [9]  and  reported 
that,  at  the  sintering  temperature  of  1450  °C,  the  MgO  re¬ 
acts  with  silica  to  form  discrete  forsterite  grains  within  the 
zirconia  matrix.  In  the  temperature  range  of  1550-1600  °C, 
the  silicate  phase  begins  to  wet  the  tetragonal  zirconia 
phase. 

Also,  in  the  present  system  the  morphology  of  the  grain 
boundaries  needs  to  be  characterized  with  TEM  because  of 
the  impurity  level  of  the  used  MgO  powders.  The  wetting 
behavior  and  the  chemical  interaction  with  the  matrix  are  the 
most  important  information  for  understanding  the  influence 
of  the  impurities  [17,18].  If  impurity  phases  exist  at  grain 
boundaries,  they  will  reduce  the  intergrain  contact  areas  for 
easier  current  flow  and  act  as  current  blockers.  In  this  case, 
the  “brick  layer”  or  “easy  path”  model  can  be  applied  to 
explain  the  decrease  of  conductivity  [11,12],  If  no  impurity 
phases  are  detected  at  the  grain  boundaries,  microstructural 
investigation  can  give  an  explanation  for  the  dependence  of 
electrical  conductivity  on  the  amount  of  impurities  by  apply¬ 
ing  the  continuity  model  [19,20]. 

2.  Experimental 

The  starting  powders  were  5.3  wt%  yttria  partially  sta¬ 
bilized  zirconia  (3YSZ)  (Unitec  Ceramics  Ltd.),  technical 
grade  MgO  (Magnesia  312,  Magnesia  GmbH)  and  higher 
purity  MgO  (Merck  KGaA).  The  3YSZ  powder  contains 
0.25  wt%  AI2O3,  0.12  wt%  Ti02  and  0.03  wt%  Si02  accord¬ 
ing  to  the  data  sheet  of  the  supplier.  The  main  impurities  of 
the  MgO  powders  obtained  by  inductively  coupled  plasma 
spectroscopy  (ICP)  are  summarized  in  Table  1.  The  Mag¬ 
nesia  312  powder  (hereafter  called  MgO-I)  contains  signif- 


Table  1 

Main  impurities  in  the  two  MgO  powders  obtained  by  ICP 


Element 

Amount  (wt%) 

MgO-I 

MgO-II 

Al 

0.017 

0.013 

Ca 

1.55 

0.008 

Fe 

0.19 

<0.002 

Mn 

0.035 

<0.001 

Na 

<0.005 

0.26 

Si 

0.18 

<0.005 

MgO-I  and  MgO-II  were  provided  by  Magnesia  GmbH  and  Merck  KGaA, 
respectively 


icant  amounts  of  impurities:  1.55  wt%  Ca,  0.19  wt%  Fe  and 
0.18  wt%  Si.  On  the  contrary,  the  MgO  powder  from  Merck 
(hereafter  called  MgO-II)  is  purer  than  MgO-I  and  contains 
0.26  wt%  Na,  0.013  wt%  Al  and  the  amount  of  Si  impurity 
is  small  (<0.005  wt%).  The  particle  size  distributions  were 
measured  using  a  laser  particle  size  analyzer  (Fritsch,  Ger¬ 
many).  The  initial  average  particle  size  c/50  was  0.7  p,m  for 
3YSZ,  1.7  p,m  for  MgO-I  and  2.0  p,m  for  MgO-II. 

Different  mixtures  of  3YSZ  and  MgO  were  wet  blended 
on  a  rolling  bank  for  24  h  using  zirconia  balls  and  ethanol. 
Then,  the  suspensions  were  dried  at  60  °C.  The  nominal 
content  of  the  MgO  mixed  with  3YSZ  was  varied  from 
0  to  80mol%.  Hereafter,  these  mixtures  are  indicated  by 
(3  YSZ)  |  _A-(MgO)A  (x:  nominal  MgO  content  in  the  start¬ 
ing  mixture).  The  mixed  powders  were  uniaxially  pressed  by 
applying  a  pressure  of  45  MPa.  Afterwards,  these  specimens 
were  sintered  at  1400  °C  for  5  h  in  air  applying  heating  and 
cooling  rates  of  5  K  miiT  1 . 

In  order  to  investigate  the  electrical  properties  of  the 
(3 YSZ)  |  _A-(MgO)A  electrolytes,  four-probe  DC  conduc¬ 
tivity  measurements  were  carried  out  in  air  in  the  tem¬ 
perature  range  from  900  °C  down  to  200  °C.  Four  silver 
wires  were  fixed  on  the  sintered  rectangular  specimens 
(40  mm  x  5  mm  x  5  mm  in  size)  with  silver  paste  as  current 
and  voltage  probes.  The  AC  impedance  spectroscopy  were 
also  applied  to  gain  more  information.  Sintered  cylindrical 
samples  (8  mm  in  diameter  and  2  mm  in  thickness)  were  sput¬ 
tered  with  platinum  on  both  faces.  The  measurements  were 
carried  out  by  a  Solartron  SI- 1260  Impedance/Gain  phase 
analyzer  in  the  frequency  range  of  10  MHz  to  50  mHz  and  in 
the  temperature  range  of  300-850  °C  in  air. 

The  surfaces  of  the  sintered  specimens  were  investigated 
with  a  LEO  1530  (Gemini)  scanning  electron  microscope 
(SEM)  equipped  with  an  energy-dispersive  X-ray  spectrom¬ 
eter  (EDS)  for  microstructural  characterization.  The  mean 
grain  size  of  zirconia  and  MgO  on  the  surface  was  determined 
by  using  “analySIS®”  software  provided  by  Soft  Imaging 
System  GmbH.  More  than  100  grains  on  the  SEM  images 
covering  an  area  of  26  p,m  x  18  |xm  were  counted.  The  pol¬ 
ished  surfaces  were  also  investigated  with  SEM  and  the  image 
analysis  software  for  further  microstructural  investigations. 
In  the  backscattering  electron  (BSE)  images,  dark  and  light 
gray  grains  correspond  to  MgO  (insulator)  and  stabilized  zir- 


34 


Y.  Shiratori  et  al.  /  Journal  of  Power  Sources  148  (2005)  32-42 


conia  grains  (conductor),  respectively.  The  images  were  dig¬ 
itized  into  pixels  with  256  different  gray  values  (0  for  black 
and  255  for  white  pixels).  After  setting  a  gray  value  as  thresh¬ 
old  to  distinguish  the  two  phases,  which  is  in  between  the  two 
peaks  corresponding  to  dark  and  light  gray  grains  in  a  gray- 
value  histogram,  the  images  were  converted  into  binary  white 
(conductor  grains)  and  black  (insulator  grains)  images. 

Raman  spectra  were  recorded  on  sintered  samples  (10  mm 
in  diameter  and  1  mm  in  thickness)  at  room  temperature  using 
a  Jobin  Yvon  T64000  spectrometer  equipped  with  a  CCD 
detector.  Ar+  laser  excitation  with  514.5  nm  wavelength  and 
less  than  50  mW  power  at  the  sample  was  used  to  record 
signals  from  an  irradiation  area  (~5  pun  spot  on  the  sample). 
In  each  experiment,  20  scans  were  collected  and  averaged. 
Positions  of  the  Raman  bands  were  determined  as  Lorentzian 
profiles  by  a  curve-fitting  program  equipped  with  Grams/AI 
software  (Thermo  Galactic). 

The  analytical  TEM  investigations  were  carried  out  with  a 
Philips  CM  200T  combined  with  EDS.  The  focused  ion  beam 
(FIB)  technique  was  applied  to  prepare  the  analytical  TEM 
samples  using  a  LEO  1540XB  with  SEM  in  a  single  tool.  The 
samples  were  thinned  down  to  lOOnm  with  a  Ga  ion  beam. 

The  zirconia  grain  boundary  structure  was  investigated 
by  high  resolution  TEM  (HRTEM)  using  a  JEOL  4000EX 
microscope.  The  samples  were  prepared  by  standard  meth¬ 
ods,  involving  mechanical  grinding  to  a  thickness  of  about 
0.1  mm,  dimpling  to  about  15  pim,  then  ion-beam  milling  to 
electron  transparency  on  a  stage  cooled  by  liquid  nitrogen. 

3.  Results 

3.1.  Electrical  conductivity 

The  electrical  conductivity  of  the  sintered  (3YSZ)i_v- 
(MgO)A  with  MgO-I  measured  by  the  DC  four-probe  tech¬ 
nique  is  summarized  in  an  Arrhenius  diagram  (Fig.  1(a)). 
Fig.  1(b)  shows  the  activation  energies  of  the  ionic  conduc¬ 
tion  obtained  from  the  Arrhenius  plots  as  a  function  of  MgO 
content.  At  low  MgO  content,  activation  energies  increase 
linearly  with  MgO  content.  This  indicates  the  dissolution  of 
Mg  cations  in  the  YSZ  lattice  during  sintering  and  reflects 
the  higher  association  energy  between  Mg/r"  and  Vq**  and 
higher  migration  energy  of  Vo**  in  the  zirconia  lattice  in  the 
presence  of  the  Mg2+  ions  than  expected  in  the  (Y,Zr)02  bi¬ 
nary  solid  solution  [6].  In  this  sense,  convergence  of  the  value 
of  activation  energy  (approximately  1.37  eV)  indicates  satu¬ 
ration  of  MgO  in  the  lattice.  The  solubility  limit  of  MgO  in 
3YSZ  derived  from  Fig.  1(b)  was  approximately  15mol%.In 
the  X-ray  diffractometry  of  the  sintered  (3YSZ)i_T-(MgO)A  , 
above  x  =  0. 15  tiny  MgO  peaks  appeared  for  both  MgO  pow¬ 
ders  and  the  lattice  parameter  of  the  cubic  zirconia,  which 
decreases  with  MgO  content  in  the  range  of  0. 1  <  x  <  0.2, 
became  constant  above  x  =  0.2.  This  fact  supports  the  solu¬ 
bility  limit  of  about  15mol%  and  this  amount  agrees  with 
previously  reported  values  [4,7,8]. 


Fig.  1.  (a)  Arrhenius  plot  of  DC  total  conductivity  for  sintered 
(3YSZ)i_a—  (MgO)*  samples  with  MgO-I.  (b)  Activation  energy  of  the  elec¬ 
trical  conduction  as  a  function  of  x.  (Q)  The  samples  with  MgO-I;  (•)  the 
samples  with  MgO-II. 

The  conductivities  of  the  (3YSZ)  |  _f-(MgO)A  samples  as 
a  function  of  x  at  different  temperatures  are  shown  in  Fig.  2. 
The  (3YSZ)i_jr-(MgO)v  electrolytes  have  a  maximum  con¬ 
ductivity  at  x  =  0.1  of  0.054,  0.034  and  0.020  S  cm-1  at  900, 
850  and  800  °C,  respectively,  comparable  to  8YSZ. 

As  shown  in  Fig.  2,  in  the  composition  range  below  the 
solubility  limit,  there  are  no  significant  differences  in  the 
conductivity  between  the  samples  with  MgO-I  and  MgO- 
II.  At  low  MgO  content,  the  conductivity  increases  linearly 
with  x  due  to  an  increase  in  charge  carriers  in  the  zirconia 
lattice  resulting  from  Mg2+  dissolution.  Above  .v  =  0.15,  the 
conductivity  decreases  with  increasing  x.  The  change  of  the 
compositional  dependence  of  conductivity  can  be  related  to 
the  MgO  solubility.  Above  the  solubility  limit,  the  conductiv¬ 
ity  decreases  due  to  an  increase  in  the  insulating  MgO  phase. 
At  x>0.2,  the  samples  with  MgO-I  systematically  showed 
lower  conductivity  compared  to  the  samples  with  MgO-II. 
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Fig.  2.  The  DC  total  conductivity  of  sintered  (3YSZ)i_JC-(MgO)x  samples 
as  a  function  of  x  at  different  temperatures. 


Fig.  3  shows  impedance  spectra  of  3YSZ  (a)  and 
(3YSZ)o.8-(MgO)o.2  with  MgO-I  (b)  measured  at  420  °C. 
The  AC  impedance  measurement  of  3YSZ  provided  three 
semicircles  related  to  contributions  of  grain,  grain  bound¬ 
ary  and  electrodes  in  the  temperature  range  of  300-700  °C. 
However,  impedance  plots  for  the  composites  based  on 
(3YSZ)i_x-(MgO)j:  showed  only  one  asymmetric  large  arc 
and  a  small  electrode  contribution.  The  bulk  and  grain  bound¬ 
ary  components  could  not  be  clearly  resolved.  This  phe¬ 
nomenon  has  also  been  reported  for  the  (8YSZ)i_l-(MgO)  t 
and  (8YSZ)i_v-(Al203).T  systems  [8,21,22].  In  the  present 
system,  AC  impedance  measurements  did  not  give  additional 
information  to  the  DC  results. 


Fig.  3.  Impedance  spectra  of  3YSZ  (a)  and  (3YSZ)o  8-(MgO)o.2  with  MgO-I 
(b)  measured  at  420  °C. 


3.2.  SEM  investigation 

The  microstructures  of  the  electrolytes  with  different  MgO 
powders  were  compared  with  each  other.  Representative 
SEM  micrographs  of  the  sample  surfaces  below,  near  and 
above  the  solubility  limit  are  shown  in  Fig.  4.  Below  the  sol¬ 
ubility  limit.  Fig.  4(a  and  b),  there  were  no  visible  differences 
between  the  two  electrolytes.  The  electrolytes  mainly  consist 
of  two  types  of  grains,  small  (Y,Zr)02  grains  (light  gray) 
and  larger  (Y,Mg,Zr)C>2  grains  (dark  gray).  The  bimodal  mi¬ 
crostructure  shows  that  MgO  dissolution  in  the  zirconia  pro¬ 
motes  grain  growth.  Near  the  solubility  limit.  Fig.  4(c  and  d), 
the  two  electrolytes  consist  of  large  cubic  (Y,Mg,Zr)02  grains 
and  small  spinel  (MgAHO/O  grains  denoted  by  “YMSZ”  and 
“Sp”,  respectively,  resulting  from  the  reaction  between  AFO3 
impurity  in  the  3YSZ  starting  powder  and  the  admixed  MgO 
powders.  At  this  MgO  content,  a  difference  in  the  YMSZ 
grain  structure  between  the  two  electrolytes  becomes  evident. 
An  irregularly  shaped  surface  with  tiny  grooves  is  observed 
on  the  YMSZ  grains  when  the  purer  MgO  (MgO-II)  is  se¬ 
lected  as  a  starting  material,  whereas  in  the  case  of  the  MgO- 
I  the  YMSZ  grains  have  a  very  smooth  surface.  Above  the 
solubility  limit.  Fig.  4(e  and  f),  the  electrolytes  form  conduc¬ 
tor  (YMSZ)-insulator  (MgO)  binary  composites.  However, 
polyhedral  grains  of  magnesium-silicate  can  be  seen  as  dis¬ 
crete  grains  only  on  the  surface  of  the  samples  with  MgO-I. 
The  EDS  analysis  of  these  grains  gave  a  Mg:Si  ratio  of  2:1 
indicating  the  presence  of  forsterite  grains  [9]. 

Mean  grain  sizes  of  stabilized  zirconia  and  MgO  as  a  func¬ 
tion  of  x  are  shown  in  Fig.  5.  The  zirconia  grain  size  is  strongly 
influenced  by  the  MgO  content,  whereas  the  MgO  grain  size 
is  nearly  constant  except  for  x  =  0.8.  Although  MgO  dissolu¬ 
tion  promotes  the  grain  growth  of  zirconia,  an  excess  of  MgO, 
appearing  as  second  phase  in  the  electrolyte,  suppresses  the 
grain  growth.  In  this  compositional  range  (0.2  <  x  <  0.8),  the 
MgO-I  leads  to  larger  zirconia  grains  than  obtained  with 
MgO-H. 

3.3.  Raman  spectroscopy 

Raman  spectroscopy  was  applied  to  detect  the  struc¬ 
tural  changes  of  zirconias  because  of  its  higher  sensitiv¬ 
ity  to  oxygen  displacement  than  X-ray  diffractometry  [23]. 
According  to  the  k  =  0  factor  group  analyses  for  the  three 
different  structures  of  the  zirconia,  the  monoclinic  phase 
(Czih)  with  four  molecules  in  a  unit  cell  has  18  Raman  ac¬ 
tive  modes  (9Ag  +  9B(,),  the  tetragonal  structure  (D^)  with 
two  molecules  in  a  unit  cell  has  6  Raman  active  modes 
(A],,  +  2B 1  g  +  3Eg)  and  the  cubic  fully-stabilized  phase  (Oh) 
with  four  molecules  in  a  unit  cell  has  only  one  Raman  ac¬ 
tive  mode  of  F2g  [24,25].  Tetragonal  and  monoclinic  phases 
have  many  overlapping  bands.  However,  the  two  phases 
can  be  distinguished  by  the  bands  at  148  and  266  cm-1 
for  the  tetragonal  phase  and  at  179  and  191  cm"1  for  the 
monoclinic  phase.  The  cubic  phase  has  a  band  at  about 
605-6 14  cm-1. 
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with  MgO-l 


x  =  0.05 

below  solubility  limit 


x  =  0.1 

near  solubility  limit 


x  =  0.8 

above  solubility  limit 


with  MgO-ll 


Fig.  4.  SEM  images  of  (3YSZ)i_JC-(MgO)JC  sample  surfaces  with  different  MgO  powders  below,  near  and  above  the  solubility  limit  of  MgO  in  3YSZ.  All 
samples  were  sintered  at  1400  °C  for  5  h  in  air.  YMSZ:  cubic  (Y,Mg,Zr)C>2;  Sp:  spinel;  Fo:  forsterite. 


Raman  spectra  obtained  from  the  sample  surfaces  of  sin¬ 
tered  (3YSZ)i_v-(MgO)jf  specimens  with  MgO-I  are  shown 
in  Fig.  6.  In  the  composition  range  of  0  <  x  <  0.07,  only  the 
tetragonal  zirconia  was  detected.  When  the  MgO  content  ex- 


xin  (3YSZ)1x  -(MgO)x 


Fig.  5.  Mean  grain  sizes  of  stabilized  zirconia  and  MgO  on  the  sintered 
(3YSZ)i_JC-(MgO)A:  sample  surfaces  as  a  function  of  x.  (OX  (A)  Samples 
with  MgO-I;  (•),  (A)  samples  with  MgO-II;  100  grains  on  the  surface  were 
measured  for  each  sample. 


ceeds  0.1,  the  zirconia  phase  changes  from  the  tetragonal  to 
the  cubic  structure.  The  MgO  concentration  for  cubic  stabi¬ 
lization  obtained  by  Raman  spectroscopy  was  in  good  agree¬ 
ment  with  previously  reported  values  [4,7]. 

In  the  region  of  0.1  <x<  0.8,  broad  bands  between  250 
and  450  cm-1  (Region  I)  persist,  although  the  factor  group 
analysis  indicates  only  one  Raman  active  mode.  These  broad 
bands  are  due  to  the  breakdown  of  the  k=  0  selection  rule 
caused  by  the  dissolution  of  the  Y3+  and  Mg2+  ions  into 
the  zirconia  lattice,  which  leads  to  a  disordered  cubic  lat¬ 
tice  [24,25].  The  bands  at  955,  1008  and  1083  cm”1  (Region 
II)  are  considered  to  be  fluorescence  from  rare  earth  impuri¬ 
ties  such  as  Sm,  Tb,  Ho  and  Er  in  the  cubic  zirconia  lattice 
[24,26] .  These  three  bands  become  sharp  and  split  at  x  <  0.07. 
The  additional  sharp  bands  at  401, 989, 1000, 1062, 1074  and 
1088  cm-1  (T)  correspond  to  the  fluorescence  of  rare  earth 
impurities  in  the  tetragonal  zirconia  lattice  [27].  The  split¬ 
ting  reflects  the  site  symmetry  difference  around  the  impurity 
cations  between  the  cubic  and  tetragonal  zirconia  lattices. 

The  same  phenomena  were  also  observed  in  the  samples 
with  lower  silica  impurity  made  of  MgO-II.  The  only  dif¬ 
ference  detected  in  the  Raman  spectroscopy  with  different 
MgO  powders  was  that  MgO-I  leads  to  the  formation  of 
the  forsterite  (Mg2Si04)  phase  at  x>  0.4.  The  two  bands  at 
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Raman  shift  /  cm’1 

Fig.  6.  Raman  spectra  detected  on  sintered  (3YSZ)i  t-(Y1gO)<  sample  sur¬ 
faces  with  MgO-I  (0  <  x  <  0.8). 


824  and  856  cm  1  (V)  are  in  good  agreement  with  the  bands 
corresponding  to  intramolecular  Si-O  stretching  in  forsterite 
[28], 

3.4.  TEM/HRTEM  investigation 

According  to  the  literature,  the  Si  and  Al  impurities  form 
glassy  phases  melting  at  about  1300  °C  and  wetting  the  zir- 
conia  grains  [29].  Moreover,  in  the  magnesia  partially  stabi¬ 
lized  zirconia,  a  crystalline  grain  boundary  silicate  (forsterite) 
is  reported  at  sintering  temperatures  of  above  1600  °C  [9]. 
However,  detailed  studies  by  HRTEM  did  not  reveal  any  in¬ 
tergranular  impurity  phase  in  the  present  system.  Fig.  7  shows 
an  HRTEM  micrograph  at  a  zirconia  grain  boundary  in  the 
(3YSZ)o.4~(MgO)o.6  composite  with  MgO-I.  Atom  columns 
are  visible  on  the  right  side  of  the  picture.  The  lattice  fringes  of 
the  right-side  grain  correspond  to  the  (101)  plane.  Impurity 
phases  are  absent  at  the  grain  boundary  region  although  disor¬ 
der  on  the  atomic  level  is  observed.  Several  grain  boundaries 
and  multiple  grain  junctions  were  investigated.  However,  no 
impurity  phases  were  observed. 

Fig.  8  shows  a  typical  TEM  picture  (a)  and  corresponding 
element  maps  based  on  EDS  (b)  for  the  (3YSZ)o.4-(MgO)o.6 


Fig.  7.  HRTEM  micrograph  of  a  zirconia  grain  boundary  in  (3YSZ)o.4- 
(MgO)o.6  with  MgO-I  showing  the  absence  of  impurity  phases. 


Zirconia 

Zirconia 

MgO 

%  9 

\ 

MgO 

Fig.  8.  Typical  bright  field  image  (a)  and  element  maps  of  Zr,  Y,  O,  Mg,  Si 
and  Ca  obtained  by  EDS  (b)  for  (3YSZ)o.4-(MgO)o.6  with  MgO-I.  In  the 
bright  field  image,  white,  light  gray  and  dark  gray  grains  are  MgO,  Mg- 
silicate  and  stabilized  zirconia,  respectively.  In  the  element  maps,  the  bright 
pixels  indicate  higher  X-ray  ( Ka )  intensity  for  each  element.  The  numbers 
indicate  gray  values  for  brightest  pixel  in  the  respective  maps. 
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composite  with  MgO-I.  As  shown  in  Fig.  8(a),  amorphous 
glassy  phases  at  the  grain  boundary  multiple  junctions  and 
rounded  zirconia  grain  boundaries  were  not  visible,  although 
they  were  often  observed  in  the  presence  of  SiC>2  impurities 
[17,18].  The  corresponding  element  maps  (Fig.  8(b))  reveal 
that  the  MgO  phase  binds  the  SiC>2  impurity  to  form  discrete 
magnesium-silicate  grains  and  CaO  enters  YMSZ. 

In  the  (3YSZ)i_v-(MgO)A  electrolyte.  Si-rich  impurity 
phases  could  not  be  observed  at  multiple  grain  junctions 
or  at  zirconia  grain  boundaries.  The  silica  impurity,  which 
may  block  some  section  of  the  electrical  current  pathways  at 
the  grain  boundaries,  is  sucked  into  the  MgO  phase  to  form 
magnesium-silicate.  The  silicate  was  identified  as  forsterite 
by  EDS  and  Raman  spectroscopy.  The  forsterite  (Mg2SiOzt) 
is  a  preferential  compound  compared  to  enstatite  (MgSiO^) 
because  the  standard  free  energies  of  formation  at  298  K  for 
forsterite  and  enstatite  are  —63.7  and  — 36.2kJ/mol,  respec¬ 
tively  [10]. 


(a)  Single-phase  electrolyte 


Large  number  of 
grain  boundaries 


Increase  in 
grain  size 


Small  number  of 
grain  boundaries 


(b)  Two-phase  composite  electrolyte 


a  1  C 

Xif/\OL  (y  J 

grain  size 

Higher  degree  of 

Lower  degree  of 

continuity  for  phase  a 


continuity  for  phase  a 


4.  Discussion 

Verkerk  et  al.  reported  that  in  the  yttria  stabilized-zirconia 
electrolyte  macroscopic  grain  boundary  conductivity  in¬ 
creases  with  increasing  zirconia  grain  size,  whereas  the  grain 
interior  conductivity  is  constant  [30].  Generally,  the  specific 
conductivity  of  the  grain  boundary  (grain- to-grain  direct  con¬ 
tact  without  impurity  phases)  is  two  orders  of  magnitude 
lower  than  that  of  the  grain  interior  because  of  the  forma¬ 
tion  of  space  charge  layers  or  segregation  of  dissolved  ions 
[30-32].  Therefore,  if  the  grain  boundary  thickness  and  spe¬ 
cific  grain  boundary  conductivity  are  constant,  larger  grain 
size  leads  to  higher  macroscopic  conductivity  because  of 
the  smaller  number  of  resistive  grain  boundaries.  Further¬ 
more,  according  to  Nafe’s  theoretical  model  [33],  the  macro¬ 
scopic  grain  boundary  conductivity  has  no  influence  on  the 
DC  total  conductivity  due  to  the  small  thickness  of  the  grain 
boundaries.  However,  in  the  present  system  the  contrary  phe¬ 
nomenon  was  observed:  the  enlarged  zirconia  grains  result  in 
lower  DC  conductivity  (see  Figs.  2  and  5).  In  other  words, 
the  present  system  does  not  strictly  follow  the  general  rela¬ 
tionship  between  grain  size  and  conductivity. 

From  earlier  studies  in  the  system  Zr02-Y203-Mg0,  it  is 
known  that  the  cubic  Zr02-Mg0  solid  solutions,  stable  only 
at  high  temperatures  (above  1400  °C),  decompose  to  tetrag¬ 
onal  zirconia  and  magnesia  at  lower  annealing  temperatures 
and  subsequently  to  monoclinic  zirconia  and  magnesia  dur¬ 
ing  cooling  [5,34].  This  decomposition  can  lead  to  two  or 
three  times  larger  resistivity  [5]  and  is  more  detrimental  for 
the  ionic  conductivity  than  the  impurity  influence  discussed 
in  this  study.  The  maximum  decomposition  rate  is  reached  at 
1 100-1200  °C  [5,34]  whereas  at  the  operating  temperature 
of  anode-supported  SOFCs  (800  °C  or  below)  the  rate  might 
be  kinetically  negligible  because  of  the  quite  slow  cation  dif¬ 
fusion  [34,35].  However,  during  cell  production  (for  exam¬ 
ple,  the  cathode  materials  are  sintered  on  the  electrolytes  at 


Fig.  9.  Influence  of  grain  size  on  microstructure  of  single-phase  electrolyte 
(a)  and  two-phase  composite  electrolyte  (b). 

1 100-1200  °C)  the  decomposition  may  occur.  While  the  aim 
of  this  paper  is  to  show  the  electrical  properties  of  the  two- 
phase  composite,  this  phenomenon  has  to  be  monitored  care¬ 
fully  in  the  future  work. 

Fig.  9  shows  a  schematic  diagram  of  single-phase  elec¬ 
trolyte  (a)  and  two-phase  (phases  a  and  (3)  composite  elec¬ 
trolyte  (b)  with  different  grain  structures.  In  the  case  of  the 
single-phase  material,  as  mentioned  above,  larger  grain  sizes 
are  equivalent  to  a  smaller  number  of  boundaries  and  have 
a  positive  impact  on  macroscopic  conductivity.  In  the  case 
of  the  two-phase  composite,  as  described  in  Fig.  9(b),  an  in¬ 
crease  in  grain  size  of  the  phase  a  (grain  size  and  volume 
fraction  of  phase  (3  are  assumed  to  be  constant)  causes  a  de¬ 
crease  in  continuity  of  phase  a,  i.e.  phase  a  with  larger  grains 
is  more  isolated  than  that  with  smaller  grains.  If  phase  (3  is  an 
insulator,  the  reduced  continuity  of  phase  a  caused  by  grain 
coarsening  will  result  in  a  decrease  of  conductivity.  In  the 
present  system,  this  influence  is  predominant  rather  than  that 
described  in  Fig.  9(a). 

Various  theoretical  approaches  represented  by  the  effec¬ 
tive  media  theory  (EMT)  [36]  have  been  proposed  to  cal¬ 
culate  the  electrical  conductivity  of  two-phase  composites. 
EMT  only  takes  into  account  the  volume  fractions  of  the 
phases  and  assumes  homogeneous  microstructures.  Fan  pro¬ 
posed  an  approach  described  by  topological  parameters  [19]. 
The  approach  considers  not  only  the  effect  of  volume  frac¬ 
tion  but  also  the  effect  of  phase  continuity.  He  transformed 
a  two-phase  composite  consisting  of  phases  a  and  [3  into  a 
body  with  three  microstructural  elements.  Element  I  consists 
only  of  a  grains  with  a  continuous  volume  fraction  of  fac 
and  contains  only  a-a  grain  boundaries.  Element  II  consists 
only  of  (3  grains  with  a  continuous  volume  fraction  of/pc  and 
contains  only  (3-[3  grain  boundaries.  Element  III  consists  of 
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Fig.  10.  Correlation  between  continuous  volume  fraction  fac  and  volume 
fraction  fa  as  a  function  of  grain  size  ratio  R  (=dp/da). 


chains  of  ct  and  (3  grains  and  has  only  a- (3  phase  boundaries. 
In  this  hypothetical  model,  considering  a  parallel  arrange¬ 
ment  of  the  three  resistive  elements  along  an  electrical  field, 
the  following  equation  to  simulate  the  conductivity  of  the 
two-phase  composite  can  be  derived: 

Fs 

ac  —  CTafac  +  Cp/p  c  +  — - 7 - ; — - 7 —  (1) 

Ja  III/CTa  +  7p  Ill/op 

where  erc,  cra  and  <rp  are  conductivities  of  the  composite  and 
of  phases  a  and  (3,  respectively,  fa m  and  /pni  are  volume 
fractions  of  the  phases  a  and  [3  in  element  III,  respectively, 
and  F s  is  the  degree  of  separation  expressed  by: 


F%  —  1  fac  /pc 


(2) 


The  continuous  volume  fractions  of  respective  phases  are: 


fac 


Rfl 

,/p  +  Rfa 


/pc  = 


4 

/p  +  Rfa 


(3) 

(4) 


where /a  and  /p  are  volume  fractions  of  the  phases  a  and  (3, 
respectively,  in  the  two-phase  composite  (fa  +/p  =1)  and  R 
is  the  grain  size  ratio  dp/da  (da  and  c/p  are  the  mean  grain 
sizes  of  the  respective  phases)  [20].  The  correlation  between 
continuous  volume  fraction  and  volume  fraction  is  shown 
in  Fig.  10  for  phase  a.fac  is  strongly  dependent  on  R.  The 
smaller  R  (larger  grain  size  of  phase  a)  results  in  less  con¬ 
tinuous  volume  of  phase  a.  Eq.  (1)  has  been  validated  by 
comparison  with  experiments  [19]  and  is  reasonable  in  terms 
of  considering  both  parallel  (first  and  second  terms  in  Eq. 
(1))  and  series  (third  term)  arrangements  of  the  phases  a  and 
(3.  When  the  phase  [3  is  an  insulator  (crp  =  0),  the  following 
equation  can  be  derived  from  Eq.  (1), 


—  Oq  fa 


(5) 


After  all,  the  conductivity  of  a  conductor-insulator  com¬ 
posite  can  be  obtained  by  correcting  the  conductivity  of  the 
conducting  phase  with  the  continuous  volume  fraction  of  this 
phase,  namely  the  effective  volume  fraction  for  electrical  con¬ 
duction.  Using  Eq.  (3)  and  fa  =  1  —  /p,  Eq.  (6)  is  derived: 


-  /p) 

/p  +  R(  1  -  /p) 


The  conductivity  of  the  conductor-insulator  binary  com¬ 
posite  can  be  expressed  with  the  grain  size  ratio  R  and  the 
volume  fraction  of  phase  (3.  If  R  becomes  smaller,  i.e.  the 
continuous  volume  of  the  conducting  phase  is  reduced  (see 
Fig.  10),  the  conductivity  of  the  composite  decreases. 

Microstructures  of  the  polished  (3YSZ)i_A-(MgO)A  sam¬ 
ples  after  binarization  of  the  phases  (conductor  (YMSZ): 
white,  insulator  (MgO):  black)  with  different  MgO  powders 
are  shown  in  Fig.  1 1 .  To  confirm  the  deviation  from  the  aver¬ 
age  microstructure,  the  total  area  fraction  of  the  black  parts  A\ 
was  calculated  for  each  sample  and  was  compared  to  the  vol¬ 
ume  fraction  of  the  MgO  second  phase/p  calculated  by  using 
the  MgO  solubility  limit  in  3YSZ  of  15  mol%  as  well  as  the 
theoretical  densities  of  stabilized  zirconia  and  MgO  obtained 
by  X-ray  diffractometry.  The  values  of  Ai  shown  below  the 
respective  pictures  are  close  to  /p  for  all  selected  pictures. 
Therefore,  the  images  in  Fig.  11  do  not  deviate  significantly 
from  the  average  microstructure  of  each  sample  although  ag¬ 
glomerated  insulator  grains  were  sometimes  observed.  Grain 
boundaries  of  the  same  phase  cannot  be  seen  in  the  binary 
white  and  black  images  because  gray  values  of  the  grain 
boundaries  for  conductor-conductor  and  insulator-insulator 
are  close  to  those  of  relevant  grains.  However,  these  images 
show  very  clearly  the  state  of  the  phase  distributions.  Up 
to  x  =  0.6,  the  insulator  phase  is  embedded  in  the  conduc¬ 
tor  matrix  for  both  composites.  More  inhomogeneous  phase 
distributions  are  observed  for  the  composites  with  MgO-I 
compared  to  MgO-II.  This  is  due  to  the  larger  zirconia  grain 
sizes  (see  Fig.  5).  This  indicates  that  the  continuity  of  the 
zirconia  phase  is  reduced  when  the  MgO-I  is  used  as  starting 
material  (see  Fig.  9(b)). 

The  measured  conductivities  as  a  function  of/p  are  plot¬ 
ted  in  Fig.  12(a  and  b)  for  the  composites  with  MgO-I  and 
MgO-II,  respectively,  /p  is  the  MgO  volume  fraction  in  the 
composites  when  the  MgO  solubility  limit  in  3YSZ  is  re¬ 
garded  as  15  mol%.  Eq.  (6)  was  used  to  calculate  the  electri¬ 
cal  conductivities  of  the  composites.  The  calculated  values 
were  fitted  to  the  experimental  values  regarding  R  and  oa 
as  adjustable  parameters.  In  the  fitting  procedure,  the  exper¬ 
imental  results  at  ,r  =  0.15  (/p=0)  and  0.2  (fp  =  0.03)  were 
not  considered.  Only  the  values  in  the  compositional  range 
of  0.3  <  x  <  0.8  (0.10  </p  <  0.64)  were  taken  into  account 
because  in  this  volume  fraction  range,  the  grain  size  ratio 
R  is  influential  on  the  continuous  volume  fraction  fac  (see 
Fig.  10).  The  calculated  results  are  plotted  as  solid  lines  in 
Fig.  12(a  and  b).  They  are  in  good  agreement  with  the  ex¬ 
perimental  results  over  the  investigated  compositional  range. 
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x /g_ with  MgO-I_ with  MgO-II 


Ai  =  0.35  Ai  =  0.39 


A,  =  0.56  A\  =  0.65 


Fig.  11.  Conductor  (white)  and  insulator  (black)  distribution  in  the  composite  electrolytes  with  different  MgO  powders.  A\  is  the  total  area  fraction  of  the  black 
parts  in  an  image  and /p  is  the  volume  fraction  of  the  MgO  phase  calculated  by  using  the  MgO  solubility  limit  in  3YSZ  of  15  mol%  and  theoretical  densities 
of  the  stabilized  zirconia  and  MgO  obtained  by  X-ray  diffractometry. 


The  values  of  R  and  oa  for  the  composites  with  MgO-I  and 
MgO-II  are  listed  in  Table  2.  It  is  interesting  to  note  that  the 
same  values  of  oa  were  obtained  after  curve  fitting  for  the 
composites  with  MgO-I  and  MgO-II.  These  oa  values  for 
the  different  temperatures  are  inserted  in  Fig.  2  and  corre- 


Table  2 

R  and  <ra  for  the  composites  with  MgO-I  and  MgO-II 


Temperature 

(°C) 

R 

oa 

With  MgO-I 

With  MgO-II 

With  MgO-I 

With  MgO-II 

900 

0.46 

0.87 

0.048 

0.049 

850 

0.41 

0.96 

0.029 

0.029 

800 

0.36 

0.94 

0.017 

0.017 

700 

0.38 

0.83 

0.0044 

0.0044 

spond  to  the  conductivity  at  which  the  conductivity  starts  to 
decrease  with  x.  The  grain  size  ratio  R  obtained  by  the  theoret¬ 
ical  model,  0.36-0.46  and  0.83-0.96  for  the  composites  with 
MgO-I  and  MgO-II,  respectively,  do  not  deviate  significantly 
from  the  measurements  for  x  >  0.4.  The  smaller  R  for  the 
composites  with  MgO-I  confirms  the  enlarged  zirconia  grains 
in  the  composites  with  MgO-I  and,  as  a  result  (according  to 
Fig.  10),  a  smaller  continuous  volume  of  conducting  phase 
(YMSZ)  compared  to  the  composite  with  MgO-II.  The  mi- 
crostructural  investigations  and  the  application  of  the  conti¬ 
nuity  theory  identified  grain  coarsening  of  the  zirconia  phase 
induced  by  the  impurities  in  the  starting  materials  as  a  reason 
of  the  lower  conductivity  measured  in  the  composites  with 
MgO-I. 
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(b)  MgO  volume  fraction 


Fig.  12.  The  DC  total  conductivity  of  the  sintered  (3YSZ)i_a—  (MgO)*  sam¬ 
ples  as  a  function  of  /p  (volume  fraction  of  MgO  phase)  at  different  tem¬ 
peratures.  (a)  The  samples  with  MgO-I;  (b)  the  samples  with  MgO-II.  The 
solid  lines  are  theoretical  values  calculated  by  Eq.  (6)  regarding  R  and  cra  as 
adjustable  parameters  (Table  2). 


5.  Conclusions 

The  mixtures  of  3YSZ  and  MgO  formed  composites  com¬ 
posed  of  stabilized  zirconia  and  MgO  above  15  mol%  MgO 
after  sintering  at  1400  °C.  The  influence  of  impurities  on  the 
conductivity  of  the  composite  electrolytes  was  investigated. 
In  this  system,  the  zirconia  grain  boundaries  were  found  to 
be  very  clean  and  the  impurities  (Si  and  Al)  do  not  act  as 
current  blockers  because  the  MgO  absorbs  the  impurities 
and  forms  discrete  silicate  grains  at  the  sintering  tempera¬ 
ture  of  1400  °C.  This  phenomenon  can  be  used  for  technical 
grade  raw  materials  as  a  chemical  strategy  to  avoid  current 
blocking  in  technological  developments.  In  the  composites 
based  on  (3YSZ)i_v-(MgO)A,  the  conductivity  is  sensitive 
to  the  degree  of  phase  continuity.  The  lower  conductivity  of 
the  composite  electrolytes  with  MgO-I  reflects  the  decrease 
in  continuity  of  zirconia  phase  due  to  the  different  impurity 
level  compared  with  MgO-II.  The  stability  of  conductivity 
with  time  (and  varying  Y:Mg  ratio)  has  to  be  monitored  at 
about  800  °C. 
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